Introduction
The present paper focuses on the involvement of sigma receptors (σRs) in psychomotor stimulant abuse and the potential of the plasticity of these receptors to be involved in changes that occur with long-term use that are the basis for phenomena that come under the umbrella of the term 'addiction'. There have been a number of excellent comprehensive and recent reviews that have focused more broadly on σRs (e.g. Maurice and Su, 2009; Zamanillo et al., 2012) , as well as a number of previous reviews on the behavioral effects of various ligands for the σR (e.g. Leonard, 2004; Skuza and Wedzony, 2004) . The interested reader is referred to those papers for a more comprehensive overview and an introduction to the literature on the behavioral pharmacology of σRs.
The scientific literature on σRs traces back to the proposal by Martin et al. (1976) that σRs were a subtype of opioid receptors that were responsible for the 'psychotomimetic' effects of various opioid agonists observed in the spinal dog preparation. The prototype agonist for these effects was the benzomorphan derivative, SKF 10,047. Subsequent studies of the pharmacology of SKF 10,047 indicated differences in the pharmacology of its enantiomers, and that the psychotomimetic effects of SKF 10,047 were not antagonized by the opioid-receptor antagonist, naloxone (Vaupel, 1983) . Confusion with regard to the pharmacology of various putative σR ligands, including SKF 10,047, resulted from affinity for the 1-(1-phenylcyclohexyl)piperidine (PCP) binding site within the N-methyl-D-aspartate (NMDA) glutamate receptor complex (Quirion et al., 1987) and similar behavioral effects of putative σR drugs and PCP (Holtzman, 1982) . The subsequent identification and characterization of more selective ligands, including dizocilpine for the PCP site (Wong et al., 1986) and 1,3 dio-tolylguanidine (DTG) for sigma sites (Weber et al., 1986) , allowed for pharmacological identification of σR sites that were unique compared with other known binding sites in the central nervous system (see Matsumoto et al., 2007 for a review).
Pharmacological and molecular studies have distinguished two subtypes of σRs. The σ1R has been cloned and characterized as a 25 kDa single polypeptide having no homology with any other known mammalian protein. Recent studies have indicated that σ1Rs are expressed throughout the CNS and have been implicated in a variety of physiological functions and disease states (Maurice and Su, 2009 ). The σ2R, an 18-21 kDa protein, was first proposed on the basis of photoaffinity labeling studies using a DTG analog (Hellewell and Bowen, 1990) . Recently, progesterone receptor membrane component-1 was identified as the potential molecular entity of σ2R (Xu et al., 2011) . Although there is ongoing debate on the bona fide identity of the σ2R (Ruoho, 2013) , this finding will significantly drive further explorations on the identity and physiological function of σ2Rs.
Current understanding of sigma-1 receptors: structure, molecular function, and subcellular distribution
The σ1R is predominantly expressed at the endoplasmic reticulum (ER) and is an integral membrane protein with two transmembrane domains at the N-terminus and the center of the protein Su, 2007a, 2007b) . The σ1R shares no homology with any mammalian protein, but it shares 30% identity with a yeast C8-C7 sterol isomerase (Hanner et al., 1996) . The second transmembrane domain of the σ1R shares over 80% identity with the sterol-binding pocket of sterol isomerase (Hanner et al., 1996) , supporting the hypothesis that the σ1R is a sterol-binding protein utilizing the membraneembedded domain for association with lipid ligands.
The C-terminus of σ1R has chaperone activity that prevents protein aggregation Su, 2007a, 2007b) . It has been suggested that the chaperone domain resides in the lumen of the ER, stabilizing ER lumenal or membrane proteins Su, 2007a, 2007b) . The chaperone activity of σ1Rs is regulated by a direct protein-protein interaction with binding immunoglobulin protein/78 kDa glucose-regulated protein (BiP/ GRP-78), another ER chaperone Su, 2007a, 2007b;  Fig. 1 ). Depletion of Ca 2 + in the ER or activation of Inositol trisphosphate (IP3) receptors through Gqcoupled metabotrophic receptors at the plasma membrane induces a dissociation of σ1Rs and BiP Su, 2007a, 2007b; Hayashi et al., 2011) . Further, oxidative stress can also regulate the association between BiP and σ1R . Thus, a wide range of neuronal activities that lead to oxidative stress or Ca 2 + mobilization contribute to the dissociation of the σ1R from BiP.
A unique characteristic of σ1Rs is that their chaperone actions can be induced by synthetic exogenous ligands, as well as cations Su, 2007a, 2007b) . Further, N,N-dimethyltryptamine, has been proposed as an endogenous ligand for σ1Rs (Fontanilla et al., 2009) . Drugs identified as σ1R agonists induce dissociation of σ1Rs and BiP Su, 2007a, 2007b; Hayashi et al., 2011) . In addition, ligands that can block the effects of those compounds that induce chaperone actions in an agonist-antagonist manner exist Su, 2007a, 2007b; Hayashi et al., 2011; Fig. 1) .
One major locus of σ1R clustering is a subdomain of the ER that is associated with mitochondria [mitochondriaassociated ER membrane (MAM); Su, 2007a, 2007b;  Fig. 1 ]. At the MAM, the ER directly provides Ca 2 + to the mitochondria through IP3 receptors and transports phospholipids and sterols to the mitochondria . The Ca 2 + provided to the mitochondria activates the tricarboxylic acid cycle and ATP synthesis (Rizzuto et al., 1999) . σ1Rs chaperoning IP3 receptors at the MAM enhance Ca 2 + influx from the MAM to the mitochondria Su, 2007a, 2007b) , thus likely regulating mitochondrial bioenergetics and generation of reactive oxygen species (ROS; Fig. 1 ).
Other loci of σ1R clustering are the thin layers of ER cisternae adjacent to the postsynaptic plasma membranes of ventral horn spinal motor neurons (Mavlyutov et al., 2010) . The postsynaptic clusters of σ1Rs are specific to cholinergic synapses (Mavlyutov et al., 2010) . Thus, in specific neuron types, σ1Rs are constitutively expressed at the ER subdomains opposing the plasma membrane ( Fig. 1 ). Similar plasma membrane clustering of σ1Rs was observed in living NG108 neuroblastoma × glioma hybrid cells when enhanced yellow fluorescent protein-tagged σ1Rs were expressed Su, 2007a, 2007b) .
Sigma-1 receptor regulation of plasma membrane proteins
The elucidation of the molecular mechanism by which σ1Rs regulate plasma membrane events is expanding as various novel roles for σ1R regulation of G-protein-coupled receptors (GPCRs) and ion channels (Aydar et al., 2002; Navarro et al., 2010) are documented. σ1Rs tonically regulate the activity of potassium, NMDA, and sodium channels (Aydar et al., 2002; Martina et al., 2007; Fontanilla et al., 2009; Fig. 1 ). Recent studies have indicated possible interactions between σ1Rs and GPCRs, such as μ-opioid and dopamine receptors (Kim et al., 2010; Navarro et al., 2010; Fig. 1) . In light of the nature of molecular chaperones, studies have suggest that σ1Rs regulate plasma membrane proteins through physical protein-protein interactions (Aydar et al., 2002; Kim et al., 2010; Navarro et al., 2010) . Although further studies are essential for clarification, growing evidence from recent molecular and cell biological studies is beginning to elucidate possible mechanisms that may partly explain plasma membrane actions of σ1Rs.
Change in mitochondria-associated endoplasmic reticulum membrane loci
At the MAM, σ1Rs are normally highly stationary Su, 2003a, 2003b) , possibly because of their tight association with cholesterol/ceramide-rich lipid microdomains (Hayashi and Fujimoto, 2010) . With cellular stress or binding of agonists, σ1Rs become mobile at the ER membrane (Morin-Surun et al., 1999; Su, 2003a, 2003b) , moving along the membrane from deep intracellular loci (e.g. MAM) to more peripheral subcellular ER locations (Fig. 1; Su, 2003a, 2003b) . Greater than 70% of σ1Rs localized on membranes other than the MAM (e.g. ER membranes in neurites) are highly mobile, with a mobility speed that can reach ∼ 8-10 μm/min (Hayashi and Su, 2003a , 2003b , 2007a , 2007b . With ligand binding, σ1Rs redistribute from detergent-insoluble lipid microdomains to soluble membrane domains Su, 2003a, 2003b; Palmer et al., 2007) , gaining mobility at the ER. The resulting peripherally distributed σ1Rs (e.g. σ1Rs at cholinergic synapses of motor neurons; Mavlyutov et al., 2010) may reach close proximity to the plasma membrane and physically associate with proteins at the plasma membrane ( Fig. 1 ). σ1Rs are ER proteins highly clustered at the MAM. Under unstressed conditions, σ1Rs regulate IP3 receptor-mediated Ca 2 + mobilization at the MAM. Ca 2 + directly influxed from MAM to the mitochondria activates ATP production. When σ1Rs at the MAM are depleted in neurons, this causes various mitochondrial dysfunctions, including aggregated mitochondria, membrane potential changes, and increased ROS production. These are followed by cytochrome c release and activation of caspase-3. The activated caspase-3 induces the cleavage and inactivation of the Rac 1-specific GEF Tiam1, leading to the failure of Rac GDP switching to Rac GTP. The failure of the Tiam1-Rac pathway causes disruption of the cytoskeleton network and actin polymerization, which partly involves reduced activities of capping proteins and branching proteins ARP 2/3. Consequently, neurons depleted of σRs fail to promote maturation of dendritic spines and recruitment of AMPA/NMDA to postsynaptic membranes, as evident from those receptors that remained in the dendritic shaft. σ1Rs may also modulate postsynaptic proteins, including a variety of ion channels (Na + , K + channels) and GPCR (DA D2, μ-opioid receptors), by translocating to the proximity of postsynaptic density. AMPA, α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid; ARP, actin-related protein; CASP-3, caspase-3; Cyt C, cytochrome c; DA, dopamine; ER, endoplasmic reticulum; GPCR, G protein-coupled receptor; MAM, mitochondria-associated ER membrane; NMDA, N-methyl-D-aspartate; ROS, reactive oxygen species; σRs, sigma receptors; TCA, tricarboxylic acid; Tiam1, T-lymphoma invasion and metastasis-inducing protein 1. Used with permission of the authors .
Translocation from the endoplasmic reticulum or release Some ER chaperones are known to translocate from the ER to other intracellular organelles, or be released extracellularly (Johnson et al., 2001; Sun et al., 2006) . The translocation of ER chaperones involves hindrance of an ER retention/retrieval motif through protein-protein interactions (Crofts et al., 1998; Johnson et al., 2001) . Localization of σ1Rs at the ER may be determined by the double-arginine ER retention motif at the N-terminus of the protein that is utilized for retrieval of ER proteins from a coat protein complex-I (COP-I)operated ER-Golgi secretory pathway to the ER. The wild-type σ1Rs are indeed coimmunoprecipitated with COP-I, a protein complex that coats vesicles for retrograde transport from the Golgi to the ER and between Golgi compartments. This finding indicates that σ1Rs are actively retrieved from the ER-Golgi secretory pathway to the ER. Deletion of the double-arginine motif produces an exclusive relocation of σ1Rs from the ER to the cytoplasm or to cytosolic lipid droplet-like structures Su, 2003a, 2003b) . In contrast, mutations at the double-arginine motif disrupt the association of σ1Rs with COP-I (Sharma et al., 2010) . The NMDA receptor NR1-1a subunit is also known to possess the triplearginine ER retention motif (Yang et al., 2007) . Whether the interaction of σ1Rs with ion channel subunits or GPCRs at the ER hinders the double-arginine motif of σ1Rs, thus triggering the departure of the complex for the plasma membrane, is an untested but intriguing possibility.
Protein folding
Virtually all plasma membrane proteins are originally synthesized in the ER. Newly synthesized proteins are properly folded through interactions with ER molecular chaperones, followed by entry of the proteins into the ER-Golgi secretory pathway for further modification and delivery to their final destinations (e.g. plasma membrane; Schroder and Kaufman, 2005) . A recent study demonstrated that the σ1R agonist, cutamesine, enhances the secretion of brain-derived neurotrophic factor from neuroblastoma cells (Fujimoto et al., 2012) .
Lipids comprising the transport vesicles control protein transport through the ER-Golgi secretory pathway (Sprong et al., 2001) . Cholesterol and sphingolipids form lipid raft microdomains that play a pivotal role in trafficking and sorting of plasma membrane proteins at the ER and Golgi (Sprong et al., 2001) . Importantly, recent studies have indicated that σ1Rs regulate lipid transport at the ER and lipid raft formation at the plasma membrane (Hayashi and Su, 2003a , 2003b Takebayashi et al., 2004) . These findings support a notion that activity of σ1Rs is involved in the transport of proteins as well as lipids between the ER and the plasma membrane. It should be noted that the transport of proteins from the ER to the plasma membrane is highly efficient, generally taking less than 30 min (Schroder and Kaufman, 2005) . Specifically, protein delivery at dendritic spines is thought to be much faster because the necessary machinery for protein synthesis and trafficking is packed in the ER (Mu et al., 2003; Aridor et al., 2004) . Thus, it is plausible that σ1Rs may indirectly regulate the protein expression on the surface of neurons in a relatively short time frame by controlling protein transport.
Heteromers
In addition to altering protein folding, σ1Rs may interact with plasma membrane-bound receptors as heterodimers. For example, Navarro et al. (2010) found that binding of cocaine to σ1R influenced intracellular signaling induced by the dopamine D1-like receptor agonist, SKF 81297. Further, D1Rs and σ1Rs were found to heteromerize in transfected cells, which was suggested by studies of energy transfer in the absence of ligands, detected using Bioluminescence Resonance Energy Transfer assays. In addition, actions of cocaine mediated by σ1Rs may lead to an increase in the level of D1-σ1R heteromers (Navarro et al., 2010) . Interestingly, a study by the same group also showed D2-σ1R heteromers, possibly heterotetramers, but, according to them, this interaction reduced D2R signaling (Navarro et al., 2013) .
Regulation of cell morphology
Several studies have indicated that σ1Rs may affect a wide range of cellular functions by regulating cell morphologies. Neurite sprouting induced by nerve growth factor in PC12 cells is enhanced by σ1R agonists (Takebayashi et al., 2002) . In addition, nerve growth factor as well as chronic treatment with σ1R agonists upregulated endogenous σ1R expression in PC12 cells (Takebayashi et al., 2002) . A later, similar finding of nerve growth factor-induced neurite outgrowth in PC12 cells revealed that the σ1R agonist, SA 4503, stimulated σ1R binding to IP3 receptors, as well as the pathways downstream from trophic-factor receptors, which include PLCγ, PI3K, p38 mitogen-activated protein kinase (MAPK), JNK, and Pas/Raf/MAPK (Nishimura et al., 2008) .
Synaptic plasticity and the consequential effects on neuronal function are also influenced by σ1Rs. Aberrant morphologies were observed in hippocampal neurons with knockdown of σ1R by siRNAs (Tsai et al., 2009 ). Further, dendrite extension and branching during early stages of neuronal development were influenced by σ1Rs. With σ1R depletion by siRNAs in late stages, neurons failed to form the mushroom-like spines as well as functional synapses that possess clustered assemblies of AMPA/NMDA receptors and the postsynaptic density scaffolding protein, PSD-95 (Tsai et al., 2009;  Fig. 1 ). The aberrant morphologies caused by σ1R depletion were associated with malfunctions of mitochondria, followed by accumulation of ROS and activation of caspase-3. In σ1R-knockdown neurons, ROS-activated caspase-3 degrades T-lymphoma invasion and metastasis-inducing protein 1 (Tiam1) by proteolytic cleavage, thus subsequently reducing the active form of Rac1-GTP ( Fig. 1) . Further, the mitochondrial dysfunction and aberrant neuronal morphogenesis produced by σ1R knockdown were blocked by ROS scavengers, such as tempol and N-acetylcysteine (Tsai et al., 2009) , indicating that σ1Rs are key modulators in maintaining the balance of oxidative stress in the neurons. A microarray analysis of rat primary neurons further demonstrated that σ1R knockdown produced alterations in a cluster of transcripts involved in remodeling of the actin-based cytoskeleton network. The transcripts include those of actin capping proteins and actin-related protein 2/3 (Tsai et al., 2010; Fig. 1 ). Together, these findings indicate that σ1Rs are important regulators of cellular morphology and neuronal plasticity at both early (e.g. neurite sprouting, dendrite extension, and dendrite branching) and late (e.g. spine maturation, synaptogenesis) stages of neuronal differentiation.
Sigma receptor subtypes
A wide variety of structurally diverse compounds have been found to displace radioligands designed to selectively bind to σRs (Itzhak, 1994; Matsumoto, 2007) . It has been generally accepted that the (+ )-enantiomer of the benzomorphan, pentazocine, serves well as a radioligand for the σ1R (de Costa et al., 1989; Bowen et al., 1993) . Unfortunately, there is no comparably selective ligand for characterizing the binding of ligands to the σ2 subtype. However, DTG (Weber et al., 1986) has been used in the presence of excess amounts of cold (+ )-pentazocine to block σ1 sites and, thus, to characterize σ2R binding. Sufficient progress has been made in characterizing the selectivity or lack thereof of various ligands using these assays (Matsumoto, 2007) . The studies by Garcés-Ramírez et al. (2011) , and several others, as per citations in Table 1 , characterized the binding at σ1 and σ2 receptors of the several drugs used in the behavioral studies reviewed below. Those studies indicated that both PRE-084 and (+ )-pentazocine were selective σ1R ligands, whereas DTG, BD 1008, BD 1047, and cocaine were not selective among σR subtypes. In contrast, BD 1063 was preferential for σ1Rs, although it was only about 70-fold selective.
Interactions among σR ligands and stimulant effects
A previous paper reviewed the effects of various σR ligands on neurotransmission by classically recognized neurotransmitters . Much of the literature has focused on the dopaminergic effects of σR ligands (e.g. Gonzalez-Alvear and Werling, 1994). As mentioned above, cocaine has affinity for σRs, a finding first reported by Sharkey et al. (1988) . Although the affinity of cocaine for σRs is in the µmol/l range, Sharkey et al. (1988) argued that concentrations in the brain that were sufficient to bind to σRs would be reached at high Table 1 Inhibition by various compounds with specific binding to σ1 or σ2 receptors and the dopamine transporter The values listed are K i values with 95% confidence limits in parentheses, with exceptions as noted.
The low-affinity site is currently not identified. Obtained values for the low-affinity DTG site and their 95% confidence limits in nmol/l are as follows: BD 1008: 20 500 (9640-43 500); BD 1047: 55 300 (25 000-122 000); BD 1063: 53 700 (16 500-174 000); DTG: 3520 (257-4820); Rimcazole: 25 900 (3620-185 000); SH 3-24: 12 700 (1300-124 000 doses of cocaine that produce acute toxic effects. Several studies have examined more closely the interactions between cocaine and σR ligands. For example, the σR antagonists, rimcazole and BMY 14802, blocked cocaineinduced locomotor stimulation (Menkel et al., 1991) . Some studies showed that sensitized locomotor responses to cocaine or methamphetamine were blocked by σR antagonists (Ujike et al., 1992; Witkin et al., 1993) , and some others have found that the convulsive effects and lethality induced by cocaine are blocked by σR antagonists, and that σ1R antisense injected through indwelling cannulae to the lateral ventricles attenuated the convulsive and locomotor stimulant effects of cocaine, whereas a mismatch sequence was relatively less active .
Sigma receptor ligands and reinforcing effects of stimulant drugs
Although effects of σR antagonists on cocaine-induced locomotor stimulation have been well documented, fewer studies have examined σR involvement in the reinforcing effects of stimulants. Romieu et al. (2000 Romieu et al. ( , 2002 Romieu et al. ( , 2003 reported that the σR antagonists NE 100, BD 1047, and progesterone blocked acquisition and expression of cocaine-induced place conditioning. Other σR antagonists reported to block place conditioning include the σ1 preferential antagonist, AC 927, (Matsumoto et al., 2011) and CM 156, an antagonist that is slightly preferential for σ2 (Xu et al., 2012) . In addition, there is one report (Mori et al., 2014) that SA 4503, a σR agonist (Matsumoto, 2007) , attenuates the acquisition of place preference induced by morphine, cocaine, and methamphetamine, whereas (+ )-pentazocine was inactive, which begs the question of whether the effect was mediated by σRs.
Although σRs have been reported to block place conditioning induced by stimulants, the σR antagonist, BD 1047, failed to substantially affect cocaine selfadministration across a range of doses from 1 to 30 mg/kg (Martin-Fardon et al., 2007) . In a further assessment of reinstatement of cocaine self-administration induced by cocaine, there were small effects of BD 1047. The absence of an effect of σR antagonists on cocaine self-administration was replicated in a further study of several σR antagonists (BD 1047, BD 1008, BD 1063, AC 927, NE 100) across a range of cocaine doses (Hiranita et al., 2010 .
The difference in the outcomes of self-administration and place conditioning may be because of the species studied. All of the studies detailed above showing effects of σR ligands, with the exception of the study by Mori et al. (2014) , used mice, whereas the self-administration studies were conducted in rats. The difference may also be due to the indirect nature of assessment of the reinforcing effects inherent to the place conditioning procedure. Further, the study by Martin-Fardon et al. (2007) assessed the effects of σR antagonists on established behavior, whereas the place-conditioning studies assessed the effects of σR antagonists on the acquisition of conditioned behavior. It would be of value to assess the effects of σR antagonists on the acquisition of selfadministration. Nonetheless, these seemingly disparate outcomes of procedures assessing the 'reinforcing' effects emphasize that consideration of the methods used and the environmental circumstances surrounding the effects can be critical to the outcome. The behaviors expressed in self-administration, place-conditioning, and other procedures are a function of only marginally overlapping sets of variables, and as such, drugs can have quite different effects that depend on the conditions of the study.
In contrast to the negative results obtained with σR antagonists in rats trained to self-administer cocaine, pretreatment with the σR agonists, DTG and PRE-084, produced a dose-related potentiation of cocaine selfadministration, evidenced by a leftward shift in the cocaine dose-effect curve (Hiranita et al., 2010) . PRE-084 was approximately three-fold more potent than DTG (Hiranita et al., 2010) . This leftward shift, or potentiation of self-administration of cocaine, was similar to the effects of dopamine uptake inhibitors on cocaine selfadministration (Schenk, 2002; Barrett et al., 2004) . Because the potentiation of cocaine self-administration by σR agonists was similar to that produced by dopamine uptake inhibitors that are self-administered, whether σR agonists would be self-administered was subsequently tested. In subjects with a history of cocaine selfadministration, the σR receptor agonists, DTG and PRE-084, were self-administered when substituted for cocaine (Hiranita et al., 2010) . PRE-084 was three times more potent than DTG when self-administered, as it was when administered as a pretreatment to rats selfadministering cocaine. The self-administration data stand in contradistinction to the lack of substantive effects of σR agonists when administered alone in behavioral procedures related to drug abuse, such as locomotor activation (Maj et al., 1996; Skuza and Rogóz, 2009) or place conditioning (Romieu et al., 2002; Mori et al., 2014) .
The disconnect between the results with selfadministration and those with place conditioning is further substantiated by studies in which attempts were made to use σR ligands for place conditioning. In particular, the groundwork was laid by studies by Romieu et al. (2000 Romieu et al. ( , 2002 Romieu et al. ( , 2003 that reported negative results in place-conditioning attempts with the standard σR agonists (e.g. PRE-084, igmesine, pregnenolone) and antagonists (e.g. BD 1047, NE 100, progesterone). Several other studies replicated these outcomes (e.g. Mori et al., 2012; Sage et al., 2013; Mori et al., 2014) .
The substitution of cocaine by σR agonists raised the question of whether these drugs would be self-σRs in stimulant self-administration and addiction Katz et al. 105 administered in experimentally naive subjects. A study of the reinforcing effects of the σR agonists, PRE-084 and (+ )-pentazocine (Hiranita et al., 2013a (Hiranita et al., , 2013b , was conducted with doses that previously maintained the highest rates of responding in cocaine-experienced subjects (Hiranita et al., 2010) . The initial exposure to intravenous σR agonist availability occurred over the course of 28 daily experimental sessions in which each response on the right lever in a two-lever experimental chamber produced 0.32 mg/kg intravenous injections of either PRE-084 or (+ )-pentazocine in separate groups of rats. That number of sessions is about three-fold greater than that sufficient for the acquisition of cocaine selfadministration under the same conditions. Nonetheless, there was no appreciable acquisition of selfadministration of either σR agonist (Hiranita et al., 2013a) . In a subsequent phase of the study, the potential for self-administration of a range of doses of PRE-084, from 0.1 to 10.0 mg/kg/injection, was assessed. Over that range, there was no appreciable self-administration of the compound.
Cocaine (0.32 mg/kg/injection) was subsequently made available for self-administration over the ensuing 14 daily sessions in subjects that failed to acquire selfadministration of either σR agonist. During those sessions, cocaine self-administration was acquired, with each response on the right lever producing a cocaine injection. After cocaine self-administration was acquired and stable from one session to the next, PRE-084 or (+ )-pentazocine (each at 0.32 mg/kg/injection) was substituted for cocaine in the subjects that previously failed to acquire self-administration of those drugs. In the very first session, and for 10 subsequent sessions, responding was well-maintained by both σR agonists on the right lever that previously produced cocaine injections ( Fig. 2a and  b ). In the next sequence of daily sessions, and for seven sessions in total, each response on the left lever, on which responses had never previously produced consequences, now produced injection of the σR agonists, and the right lever was no longer active. On the first of these sessions, subjects switched from virtually no responding on the left lever in the previous session to high rates of responding on this newly active lever ( Fig. 2a and b ). In addition, responding was virtually eliminated on the previously active right lever, and remained at low levels throughout the duration of that condition. In the next set of daily sessions, responses on neither lever had consequences, and responding decreased to low rates on the left lever and remained at low rates on the right lever ( Fig. 2a and  b ). Finally, σR agonist injections were again made available for responses on the left lever, and responding was promptly reacquired ( Fig. 2a and b ; Hiranita et al., 2013a Hiranita et al., , 2013b ).
An analogous study was conducted with food-reinforced responding (Hiranita et al., 2013a (Hiranita et al., , 2013b . Rats were trained on an FR 1-response schedule of food reinforcement on the left lever of two response levers in the experimental chamber. The rats were then surgically catheterized and retrained with food reinforcement for another five daily sessions. On the next of the daily sessions, each response on the left lever produced an injection of 0.32 mg/kg PRE-084 rather than a food pellet. Over the course of the next five daily sessions, response rates progressively declined to the point that response rates on the active and inactive (right) levers were similar (Fig. 2c) . Cumulative records of responding (Fig. 2d) show a constant high rate of responding during the last session of food reinforcement, a negatively accelerated temporal pattern of responding during the first session of FR 1-response PRE-084 injection, characteristic of extinction (e.g. Catania, 2013) , and a low overall rate of occasional responding, which was sustained for the remainder of the 28 daily sessions of FR 1-response PRE-084 injection. These results indicate that the maintenance of responding with PRE-084 was not simply because of high persistent rates of operant responding on which the schedule of the σR agonist was superimposed. In addition, as the subjects received a relatively large number of injections during the extinction of responding within the first several sessions of FR 1-response PRE-084 injection, the absence of sustained maintenance of responding with PRE-084 injections could not have been due to inadequate exposure to the contingency between responses and consequences.
The primary pharmacological mechanisms involved in the self-administration of cocaine and σR agonists were contrasted in studies with dopamine and σR antagonists (Hiranita et al., 2013a (Hiranita et al., , 2013b . Subjects were trained under an FR 5-response schedule of cocaine selfadministration (each fifth response produced an injection), with doses increasing across components of the daily experimental sessions. In the first component, responses had no scheduled consequence (extinction or EXT), whereas in subsequent components, each of which followed a 2-min 'time-out' period with all chamber lights off and no scheduled consequence for responses, the dose was increased from 0.03 to 1.0 mg/kg. Details of the procedure or similar ones have been published (Schenk, 2002; Barrett et al., 2004; Hiranita et al., 2009 ).
The dopamine D1-like receptor antagonist, SCH 39166, produced dose-related rightward shifts in the cocaine self-administration dose-effect curve (Fig. 3a) . Similar antagonist effects were obtained with the dopamine D2 preferential antagonist, L-741,626, whereas combinations of minimally effective doses of SCH 39166 and L-741,626 produced an insurmountable antagonism across the range of cocaine doses studied (Fig. 3b and c,  respectively) . The nonselective D1/D2 dopamine antagonist haloperidol also produced dose-related rightward shifts in the cocaine self-administration dose-effect curve (Fig. 3d) . In contrast, the σR antagonist BD 1063, consistent with previous reports (Hiranita et al., 2010) , was inactive against cocaine self-administration over a range of doses from 1 to 32 mg/kg (Fig. 3e ).
In these same subjects PRE-084 was occasionally substituted for cocaine, with and without pretreatments with various antagonists. In contrast to their effects on cocaine self-administration, the dopamine antagonists were inactive against PRE-084 self-administration ( Fig. 3f and  g) . Similarly inactive was the combination of D1-like and D2-like dopamine receptor antagonists (Fig. 3h) . In contrast to these attempts to pharmacologically modify the self-administration of PRE-084 with selective dopamine receptor subtype antagonists or their combination, haloperidol blocked the self-administration of PRE-084 in a dose-related manner (Fig. 3i) . A similar blockade of PRE-084 was obtained with the σR antagonist BD 1063 (Fig. 3j) . The antagonism by haloperidol is not unexpected, as haloperidol, in addition to being a dopamine antagonist, has σR antagonist effects Su, 2007a, 2007b) . The antagonism studies suggested that self-administration of the σR agonist, PRE-084, was independent of dopamine systems, as the dopamine antagonists effective against cocaine were ineffective against PRE-084.
To further study this potential dopamine independence, the effects of PRE-084 on dopamine concentrations in the nucleus accumbens shell were examined (Hiranita et al. 2013a ). The nucleus accumbens shell has been shown to be an important brain structure for the effects of abused drugs (Pontieri et al., 1995; Tanda et al., 1997) . Dopamine in the nucleus accumbens shell was assessed by means of in-vivo microdialysis (Tanda et al., 1997) . A dose-related increase in dopamine was produced by PRE-084 at doses of 1.0-10 mg/kg, which was similar regardless of whether subjects had experience with cocaine self-administration. The increase in dopamine concentration was significant at 10 mg/kg PRE-084, although not at lower doses. This dose was 100-fold higher than the minimal dose self-administered. These dose comparisons suggest that dopamine was not involved in the reinforcing effects of the lower selfadministered doses of PRE-084. In addition, increases in dopamine concentration produced by high doses of PRE-084 were not blocked by the σR antagonists, BD 1063 or BD 1008 (Garcés-Ramírez et al., 2011). These Selective σ1R agonist self-administration after cocaine experience, but not after experience with food reinforcement. Each point represents the mean SEM of six subjects. Each food presentation or PRE-084 injection produced a diagonal slash mark on the record. The first record is from the last session of responding maintained by food reinforcement, with food presentations so frequent that the slash marks are contiguous and render the cumulative record a thick line. The second record is from the immediately following session, the first opportunity to self-administer 0.32 mg/kg/ injection of PRE-084 after experience with food reinforcement. This record shows the extinction of responding previously maintained by food reinforcement. The record from the 10 session confirms no acquisition of PRE-084 self-administration. σR, sigma receptor. Adapted from Hiranita et al. (2013a) and used with permission from the authors.
σRs in stimulant self-administration and addiction Katz et al. 107 microdialysis data are consistent with the suggestion above that the reinforcing effects of PRE-084 were dopamine independent.
The generality of induction of σR agonist selfadministration was assessed in several additional studies (Hiranita et al., 2014) . Rats were trained to self-administer the dopamine releaser, D-methamphetamine (0.1 mg/kg/ injection), the μ-opioid-receptor agonist, heroin (0.01 mg/kg/injection), and the noncompetitive NMDA receptor/channel antagonist ketamine (0.32 mg/kg/injection). Each of these doses was one that produced maximal rates of self-administration in studies of the selfadministration dose-effect curve. As with cocaine, selfadministration of D-methamphetamine induced the reinforcing effects of PRE-084 and (+ )-pentazocine (0.032-1.0 mg/kg/injection, each). In contrast, selfadministration of neither heroin nor ketamine induced PRE-084 or (+ )-pentazocine self-administration over the range of doses that were self-administered in subjects with D-methamphetamine experience. Although σ1R agonists did not maintain responding in subjects with histories of heroin or ketamine self-administration, substitution for those drugs was obtained with other drugs: remifentanil substituted for heroin and (+ )-MK 801 substituted for ketamine. Further, the σR antagonist BD 1008 dose-dependently blocked PRE-084 selfadministration but was inactive as an antagonist of Dmethamphetamine, heroin, or ketamine selfadministration. In contrast, PRE-084 self-administration was affected neither by the dopamine receptor antagonist, (+ )-butaclamol, nor by the opioid antagonist, (− )-naltrexone. As expected, these antagonists were active against D-methamphetamine and heroin selfadministration, respectively.
The results indicate that experience specifically with indirect-acting dopamine agonists induces reinforcing effects of previously inactive σ1R agonists. This plasticity is not simply due to some kind of response persistence, as ongoing high rates of food-reinforced behavior did not function similarly, and changing the consequences of responses on two levers accordingly changed the behavior. The induction of the effect, at this point, appears to be related to the dopamine transporter, as neither heroine nor ketamine self-administration functioned similarly to that of cocaine. However, d-methamphetamine, another stimulant drug that acts through the dopamine transporter, did induce σR agonist self-administration.
As detailed above, cocaine binds to σRs (Sharkey et al., 1988; Garcés-Ramírez et al., 2011) , although with lesser affinity than for the dopamine transporter. However, the levels of cocaine achieved with systemic injection are in the μmol/l range (Nicolaysen et al., 1988; Pettit and Pettit, 1994) and are sufficient for binding to σRs (Table 1) . Affinity for σRs has also been reported for methamphetamine (e.g. Nguyen et al., 2005; Hiranita et al., 2014) . Thus, it is possible that actions at σRs contribute to the behavioral effects of cocaine involved in its abuse. It is further suggested that, once induced, σ1R agonist actions of these stimulants may function as an additional pathway by which these drugs exert their reinforcing effects. Therefore, it is hypothetically possible that this redundant pathway to reinforcement by these two stimulant drugs may play an essential role in the intractability to medical treatment of stimulant abuse, particularly when those treatments target dopamine systems. This consideration suggests new approaches for the development of combination chemotherapies to combat stimulant dependence.
The paper by Hiranita et al. (2010) investigated the effects of a variety of σR antagonists and found them to be uniformly inactive in blocking cocaine selfadministration. The study of a variety of σR antagonists was deemed important as it is recognized that drugs more often than not have multiple effects on biological systems, and as a result the effect of a single agent or lack thereof does not prove the case for an entire class of drugs. Studies conducted subsequent to the 2010 paper surprisingly found rimcazole and several related compounds to effectively block cocaine self-administration . Rimcazole is a σR antagonist that was developed by Welcome labs for the treatment of schizophrenia (Gilmore et al., 2004) . Although the compound failed in clinical trials because of the lack of efficacy as well as some frequency of seizures, the drug was used frequently before and for some time after the development of σR antagonists with greater affinity (de Costa et al., 1992 . Hiranita et al. (2011) examined the effects of rimcazole and two close structural analogs, SH 3-24 and SH 3-28, on the self-administration of cocaine. In contrast to the lack of effect on cocaine selfadministration of other σR antagonists (Hiranita et al., 2010) , all three of these compounds produced doserelated decreases in cocaine self-administration. In addition, these decreases in self-administration were selective, as they were observed at doses that had no effect on comparable responding maintained by food reinforcement .
The compelling question presented by this outcome is what action of rimcazole and its analogs renders them effective where other σR antagonists fail. Previous studies have indicated that rimcazole binds to the dopamine transporter, in addition to σRs (Izenwasser et al., 1993; Valchar and Hanbauer, 1993) . In fact, the affinity of rimcazole for the dopamine transporter is greater than its affinity for σRs, and the rimcazole analogs studied have similar effects (Table 1) . However, on the face of it, a combination of actions at the dopamine transporter and σR antagonism seems unlikely to have the effects found with rimcazole and its analogs. As reported by Hiranita et al. (2010) , selective σR antagonists have no effect on stimulant self-administration, and as mentioned above, dopamine transport inhibitors potentiate the selfadministration of cocaine (Schenk, 2002; Barrett et al., 2004; Hiranita et al., 2009) , as evidenced by the doserelated leftward shift in the cocaine self-administration dose-effect curve. It is unclear how a combination of inactivity and potentiation would result in dosedependent antagonism of cocaine self-administration.
However, if this combination of activities resident in rimcazole and its analogs is the key to their effectiveness, then it should be possible to synthesize the effects of rimcazole by administering a selective antagonist at σRs in combination with a selective dopamine transport inhibitor. To ensure that any effect obtained with this combination was not idiosyncratic to the particular compounds selected for study, combinations among three different dopamine uptake inhibitors and three different σR antagonists were assessed .
As shown previously, the cocaine dose-effect curve was an inverted U-shaped function of cocaine dose per injection, and each of the dopamine uptake inhibitors produced dose-related leftward shifts in the cocaine dose-effect curve. Combinations of WIN 35,428, methylphenidate, or nomifensine with the σR antagonists BD 1008, BD 1047, and BD 1063 resulted in decreases in maximal self-administration of cocaine (Fig. 4) . The doses of dopamine uptake inhibitors that were effective in combination with σR antagonists were the highest doses that did not shift the cocaine dose-effect curve leftward. Further, with those doses of dopamine uptake inhibitors, the σR antagonists dosedependently decreased maximal self-administration of cocaine . Similarly, a combination of a σR antagonist and a dopamine uptake inhibitor was found effective in blocking d-methamphetamine but not heroin or ketamine self-administration (Hiranita et al., 2014) .
At a higher dose of WIN 35,428, and likely other dopamine uptake inhibitors, the cocaine dose-effect curve was shifted to the left, although maximal selfadministration was decreased with increasing doses of the σR antagonists . The fact that essentially the same interactions were obtained with structurally different dopamine uptake inhibitors and σRs in stimulant self-administration and addiction Katz et al. 109 Effects of presession treatments with dopamine uptake inhibitors combined with σR antagonists on cocaine self-administration. Vertical axes: responses/s. Horizontal axes: cocaine injection dose in mg/kg, log scale. Each point represents the mean SEM (N = 6). WIN 35,428 (0.1 mg/kg, 5 min prior), methylphenidate (1.0 mg/kg, 5 min prior), or nomifensine (0.32 mg/kg, 5 min prior) were combined with BD 1008, BD 1047, and BD 1063 (each at doses of 1.0, 3.2, and 10 mg/kg and at 5, 15, or 5 min prior, respectively). All injections were intraperitoneal. Each row shows the effects of one of the dopamine uptake inhibitors with each of the three σR antagonists. σR, sigma receptor. Adapted from Hiranita et al. (2011) and used with permission from the authors. different dopamine σR antagonists suggests that this decrease in efficacy of cocaine in the self-administration procedure was not an idiosyncratic effect of a particular drug combination but was more generally a result of a fundamental dynamic interaction among the drugs.
In addition to decreasing the maximal efficacy of cocaine in the self-administration procedure, the combinations of σR antagonists and dopamine uptake inhibitors produced selective effects similar to those seen with rimcazole and its analogs. Combinations of the drugs that decreased cocaine self-administration had little, if any, effect on comparable rates of responding maintained by food presentation (Fig. 5) . That selectivity was least apparent with combinations of WIN 35,428 and BD 1063; and that combination was least effective at the doses studied in decreasing cocaine self-administration (Fig. 4) . WIN 35,428 has equal affinity for σ1Rs and σ2Rs, whereas the other dopamine uptake inhibitors are σ1R preferential. Because BD 1063 shows preference for σ1Rs compared with the other σR antagonists, it may be the case that the σ2R affinity of WIN 35,428 is not sufficiently blocked by BD 1063, interfering with the antagonism either by a necessity for that action to be antagonized or by a direct σ2R-mediated effect.
Taken together, the studies with rimcazole analogs and combinations of specific dopamine transport inhibitors and selective σR antagonists indicate that σR agonist actions may initiate reinforcing effects though a redundant pathway and that when both dopaminergic pathways are modulated by dopamine transport inhibitors along with antagonism of σRs, it is possible to effectively achieve blockade of stimulant self-administration. These outcomes suggest new avenues for the development of treatments for stimulant dependence.
Working hypotheses for the mechanism underlying sigma receptor-dopamine transporter interactions
The results described above on the induction of σR agonist self-administration by stimulant drugs, together with the data on the effects of combinations of σR antagonists and dopamine transport inhibitors, suggest that both short-term and long-term outcomes need be considered. In the short-term, the induction of reinforcing effects of σR agonists by stimulant selfadministration likely relies upon a direct interaction of the σR and the dopamine transporter. Studies by Lin et al. (2012) and Hong et al. (2013) have documented interactions of the dopamine transporter with σRs. These studies have shown coimmunoprecipitation of σRs and dopamine transporters in transfected cells, suggesting protein-protein interactions among these entities. Interestingly this coimmunoprecipitation is enhanced in the presence of methamphetamine (Lin et al., 2012) .
Recent findings with regard to the dopamine transporter may also have a bearing on the present findings. Hong and Amara (2010) have conducted studies on the interaction of the dopamine transporter with cholesterol. In those studies, cholesterol increased binding of the cocaine analog, WIN 35,428, to the dopamine transporter. Further, substituted cysteine accessibility studies have suggested that cholesterol changed the conformational equilibrium of the dopamine transporter to favor a conformation open to the extracellular space (Hong and Amara, 2010) . Two more recent studies (Penmatsa et al., 2013; Wang et al., 2015) have identified a cholesterolbinding site on the dopamine transporter that, consistent with the results obtained by Hong and Amara (2010) , is speculated to stabilize the dopamine transporter in a conformation open to the extracellular space by hindering the movement of transmembrane segment 1a (Penmatsa et al., 2013) . In this way, cholesterol may play a critical role in regulating dopamine transport. A previous study (Palmer et al., 2007) has indicated that cholesterol binds to σRs. These studies suggest that the binding of σR to cholesterol may decrease the availability of cholesterol for binding the dopamine transporter, thereby shifting the dopamine transporter equilibrium toward cytosolic opening rather than opening to the extracellular space. Other studies have suggested that an equilibrium shift toward inward dopamine transporter conformations decreases stimulant-like actions of dopamine transport inhibitors and may be involved in the antagonism of stimulant effects (Loland et al., 2008 ; see review by Reith et al., 2015) .
Although speculative at present, this suggestion is not entirely without support. For example, exposure of HEK293 cells to the σR agonists, (+ )-pentazocine or PRE-084, followed by washout, increases the binding of the cocaine analog WIN 35,428 to the dopamine transporter and increases dopamine uptake. The increase in binding was a result of an increase in B max rather than an increase in affinity, and the increase in uptake was the result of an increase in V max , rather than a change in K m (Hong et al., 2013) .
Longer-term effects established in behavioral pharmacology studies suggest that, once induced by exposure to psychomotor stimulant drugs, the σR agonist reinforcing actions are independent of dopamine systems. The evidence for this conclusion comes from the studies showing that, whereas cocaine self-administration is blocked by dopamine receptor antagonists, σR agonist selfadministration is not. Conversely σR agonist selfadministration is blocked by σR antagonists, whereas cocaine self-administration is not. Further, microdialysis studies indicated that self-administered doses of PRE-084 did not increase extracellular dopamine concentrations in the nucleus accumbens shell (Garcés-Ramírez et al., 2011).
σRs in stimulant self-administration and addiction Katz et al. 111 In considering these outcomes, the chaperone nature of the σR protein Su, 2007a, 2007b) suggests that it may be exerting its effects by interacting with another protein, and induction of the reinforcing effects of σR agonists virtually ensures that the effect involves a partner membrane protein. As detailed above, the elucidation of molecular mechanisms by which σ1Rs regulate plasma membrane events is expanding, and the involvement of several other proteins, including opioid receptors (Kim et al., 2010) , potassium channels (Kourrich et al., 2013) , as well as σ1-dopamine D1 receptor heteromers (Navarro et al., 2010) , has been implicated in the activity at σRs. However, these early findings should not induce tunnel vision that excludes other candidates. The mechanisms underlying long-term changes are as unclear, as the particular protein partners with potential candidates as detailed above. In summary, with mechanistic details still to be worked out, it is clear that the actions of stimulant drugs related Effects of presession treatments with dopamine uptake inhibitors combined with σR antagonists on maximal responding maintained by cocaine injection or food presentation. Both cocaine injection and food reinforcement were scheduled as described above for cocaine injection in the caption of Fig. 3 . For food reinforcement, the first of the five components was extinction (EXT), followed by one, two, three, and four pellets per reinforcement occasion in the next four components, respectively. Subjects were given their daily (15 g) ration of food 60 min before the sessions, so that their response rates approached those maintained by cocaine. Vertical axes: response rates as percentage of control response rates (sessions before drug tests). Horizontal axes: mg/kg of σR antagonists administered intraperitoneally in combination with designated dopamine uptake inhibitors, log scale. Dopamine uptake inhibitors and σR antagonists were administered intraperitoneally 5 min before the sessions, except BD 1047 (15 min). Data shown are from the fourth 20-min component of the session. σR, sigma receptor. Adapted from Hiranita et al. (2011) and used with permission from the authors.
to their abuse induce unique changes in σR activity. Further, the changes induced potentially create redundant and, once established, independent reinforcement pathwaysa reinforcement metastasis. Concomitant targeting of both the well-known reinforcing pathways initiated by blockade of the dopamine transporter and the σR proteins produces an effective and selective antagonism of stimulant self-administration, suggesting new avenues for combination chemotherapies to specifically combat stimulant abuse.
